FLA N

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

The Deep Space Network
Progress Report 42-20

January and February 1974

fHE DEEE SPACE NETHWORE

/1NASA-CB-138077\ - peb. 1974 (Jet
S5 nepcIty Jabe. He $13-25
Progress “Eroiy 2010 cscl 20D
i propulsich 3730
l\

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA

April 15, 1974




NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

The Deep Space Network
Progress Report 42-20

January and February 1974

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA

April 15, 1974



Prepared Under Contract No. NAS 7-100
National Aeronautics and Space Administration



Preface

Beginning with Volume XX, the Deep Space Network Progress Report will
change from the Technical Report 32- series to the Progress Report 42- series. The
volume number will continue the sequence of the preceding issues. Thus, Progress
Report 42-20 is the twentieth volume of the Deep Space Network series, and is an
uninterrupted follow-on to Technical Report 32-1526, Volume XIX.

This report presents DSN progress in flight project support, TDA research and
technology, network engineering, hardware and software implementation, and
operations. Each issue presents material in some, but not all, of the following
categories in the order indicated:

Description of the DSN

Mission Support
Interplanetary Flight Projects
Planetary Flight Projects
Manned Space Flight Projects
Advanced Flight Projects

Radio Science

Supporting Research and Technology
Tracking and Ground-Based Navigation
Communications, Spacecraft/Ground
Station Control and Operations Technology
Network Control and Data Processing

Network Enginecring and Implementation
Network Control System
Ground Communications
Deep Space Stations

Operations and Facilities
Network Opcrations
Network Control System Operations
Ground Communications
Deep Space Stations
Facility Engineering

In each issue, the part entitled “Description of the DSN” describes the func-
tions and facilities of the DSN and may report the current configuration of one
of the five DSN systems (Tracking, Telemetry, Command, Monitor and Control,
and Test and Training).

The work described in this report series is either performed or managed by
the Tracking and Data Acquisition organization of JPL for NASA,
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DSN Functions and Facilities

N. A, Renzetti
Mission Support Office

The objectives, functions, and organization of the Deep Space Network are
summarized. The Deep Space Instrumentation Facility, the Ground Communica-
tions Facility, and the Network Control System are described.

The Deep Space Network (DSN), established by the
National Aeronautics and Space Administration (NASA)
Office of Tracking and Data Acquisition under the sys-
tem management and technical direction of the Jet Pro-
pulsion Laboratory (JPL), is designed for two-way com-
munications with unmanned spacecraft traveling approxi-
mately 16,000 km (10,000 mi) from Earth to planetary
distances. It supports or has supported, the following
NASA deep space exploration projects: Ranger, Surveyor,
Mariner Venus 1962, Mariner Mars 1964, Mariner Venus
67, Mariner Mars 1969, Mariner Mars 1971, Mariner
Venus-Mercury 1973 (JPL); Lunar Orbiter and Viking
(Langley Rescarch Center); Pioneer (Ames Research
Center); Helios (West Germany ); and Apollo (Manned
Spacecraft Center ), to supplement the Spaceflight Track-
ing and Data Network (STDN).
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The Deep Space Network is one of two NASA net-
works. The other, STDN, is under the system manage-
ment and technical direction of the Goddard Space Flight
Center. Its function is to support manned and unmanned
Earth-orbiting and lunar scientific and communications
satellites. Although the DSN was concerned with un-
manned lunar spacecraft in its early years, its primary
objective now and into the future is to continue its
support of planetary and interplanetary flight projects.

A development objective has been to keep the network
capability at the state of the art of telecommunications
and data handling and to support as many flight projects
as possible with a minimum of mission-dependent hard-
ware and software. The DSN provides direct support of
each flight project through that project’s tracking and



data system. This management element is responsible for
the design and operation of the hardware and software
in the DSN which are required for the conduct of flight
operations.

- Beginning in FY 1973 a modified DSN interface has

been established with the flight projects. In lieu of the
SFOF, a multimission Mission Control and Computing
Center (MCCC) has been activated as a separate funec-
tional and management element within JPL. This func-
tion, as negotiated with each flight project, will provide
all computing and mission operations support for missions
controlled from JPL. DSN computing support will be
provided separately by the DSN. Radio metric, telemetry,
and command data interfaces with the DSN are a joint
DSN, MCCC, and flight project responsibility., The
organization and procedures necessary to carry out
these new activities will be reported in this document
in the near future.

The DSN function, in supporting a flight project by
tracking the spacecraft, is characterized by five network
systems:

(1) DSN Tracking System. Generates radio metric
data; i.e., angles, one- and two-way doppler and
range, and transmits raw data to mission control.

(2) DSN Telemetry System. Receives, decodes, records,
and retransmits engineering and scientific data
generated in the spaceeraft to Mission Control.

(3) DSN Command System. Accepts coded signals
from mission control via the GCF and transmits
them to the spacecraft in order to initiate space-
craft functions in flight.

(4) DSN Monitor and Control System. Instruments,
transmits, records, and displays those parameters
of the DSN necessary to verify configuration and
validate the network. Provides operational direc-
tion and configuration control of the network and
primary interface with flight project Mission Con-
trol personnel.

(5) DSN Test and Training System. Generates and
controls simulated data to support development,
test, training and fault isolation within the DSN,
Participates in mission simulation with flight
projects,

The facilities needed to carry out these functions have
evolved in three technical areas: (1) the Deep Space Sta-
tions (DSSs) and the telecommunications interface

through the RF link with the spacecraft is known as the
Deep Space Instrumentation Facility (DSIF); (2) the
Earth-based point-to-point voice and data communica-
tions from the stations to Mission Control is known asg
the Ground Communications Facility (GCF); (3) the
network monitor and control function is known as the
Network Control System (NCS).

l. Deep Space Instrumentation Facility
A. Tracking and Data Acquisition Facilities

A world-wide set of Deep Space Stations with large
antennas, low-noise phase-lock receiving systems, and
high-power transmitters provide radio communications
with spacecraft. The DSSs and the deep space communi-
cations complexes (DSCCs) they comprise are given in
Tabhle 1.

Radio contact with a spacecraft usually begins when
the spacecraft is on the launch vehicle at Cape Kennedy,
and it is maintained throughout the mission. The early
part of the trajectory is covered by selected network
stations of the Air Force Eastern Test Range {(AFETR)
and the STDN of the Goddard Space Flight Center.!
Normally, two-way communications are established be-
tween the spacecraft and the DSN within 30 min after
the spacecraft has been injected into lunar, planetary, or
interplanetary flight. A compatibility test station at Cape
Kennedy (discussed later) tests and monitors the space-
craft continuously during the launch checkout phase. The
deep space phase begins with acquisition by 26-m DSSs.
These and the remaining DSSs listed in Table 1 provide
radio communications until the end of the mission.

To enable continuous radio contact with spacecraft, the
DSSs are located approximately 120 deg apart in longi-
tude; thus 2 spacecraft in deep space flight is always
within the ficld-of-view of at least one DSS, and for
several hours each day may be seen by two DSSs. Fur-
thermore, since most spacecraft on deep space missions
travel within 30 deg of the equatorial plane. the DSSs
are located within latitudes of 45 deg north and south of
the equator. All DSSs operate at S-band frequencies:
2110-2120 MHz for Earth-to-spacecraft transmission and
2290-2300 MHz for spacecraft-to-Earth transmission. An
X-band capability is being readied for future missions
beginning in 1973,

'The 9-m (30-ft} diam antenna station established by the DSN on
Ascension Island during 1963 to act in conjunction with the STDN

orbital support 9-m (30-ft) diam antenna station was transferred
to the STDN in July 1968,
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To provide sufficient tracking capability to enable
returns of useful data from around the planets and from
the edge of the solar system, a 64-m (210-ft) diam antenna

subnet will be required. Two additional 64-m (210-ft)
diam antenna DSSs are under construction at Madrid and

Canberra and will operate in conjunction with DSS 14
to provide this capability. These stations are scheduled to
be operational by the middle of 1973.

B. Compatibility Test Facilities

In 1959, a mobile L.-band compatibility test station
was established at Cape Kennedy to verify flight-space-
craft/DSN compatibility prior to the launch of the Ranger
and Mariner Venus 1962 spacecraft. Experience revealed
the need for a permanent facility at Cape Kennedy for
this function. An S-band compatibility test station with a
1.2-m (4-ft) diameter antenna became operational in 1965.
In addition to supporting the preflight compatibility tests,
this station monitors the spacecraft continuously during
the launch phase until it passes over the local horizon.

Spacecraft telecommunications compatibility in the
design and prototype development phases was formerly
verified by tests at the Goldstone DSCC. To provide a
more economical means for conducting such work and
because of the increasing use of multiple-mission telem-
etry and command equipment by the DSN, a Compati-
bility Test Area (CTA) was established at JPL in 1968.
In all essential characteristics, the configuration of this
facility is identical to that of the 26-m (85-ft) and 64-m
(210-ft) diameter antenna stations.

The JPL CTA is used during spacecraft system tests to
establish the compatibility with the DSN of the proof test
mode! and development models of spacecraft, and the
Cape Kennedy compatibility test station is used for final
flight spacecraft compatibility validation testing prior to
launch.

Il. Ground Communications Facility

The GCF provides voice, high-speed data, wideband
data, and teletype communications between the Mission
Operations Center and the DSSs. In providing these
capabilities, the GCF uses the facilities of the worldwide
NASA Communications Network (NASCOM}: for all long

2Managed and directed by the Goddard Space Flight Center.
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distance circuits, except those between the Mission
Operations Center and the Goldstone DSCC. Communi-
cations between the Goldstone DSCC and the Mission
Operations Center are provided by a microwave link
directly leased by the DSN from a common carrier.

Farly missions were supported by voice and teletype
circuits only, but increased data rates necessitated the
use of high-speed and wideband circuits for DSSs. Data
are transmitted to flight projects via the GCIF using
standard GCF/NASCOM formats. The DSN also sup-
ports remote mission operations centers using the GCF/
NASCOM interface.

lil. Network Control System

The DSN Network Control System is comprised of
hardware, software, and operations personnel to provide
centralized, real-time control of the DSN and to monitor
and validate the network performance. These functions
are provided during all phases of DSN support to flight
projects. The Network Operations Control Area is located
in JPL Building 230, adjacent to the local Mission Opera-
tions Center. The NCS, in accomplishing the monitor and
control function does not alter, delay, or serially process
any inbound or outbound data between the flight project
and tracking stations, Hence NCS outages do not have a
direct impact on flight project support. Voice communi-
cations are maintained for operations control and co-
ordination between the DSN and flight projects, and for
minimization of the response time in locating and cor-
recting system failures.

The NCS function will ultimately be performed in data
processing equipment separate from flight project data
processing and specifically dedicated to the NCS func-
tion. During FY 1973, however, DSN operations control
and monitor data will be processed in the JPL 360/75
and in the 1108, In FY 1974 the NCS data processing
function will be partly phased over to an interim NCS
processor, and finally, in FY 1975, the dedicated NCS
data processing capability will be operational. The final
Network Data Processing Area will be located remote
from the Network Operations Control Area so as to pro-
vide a contingency operating location to minimize single
point of failure effects on the network control function.
A preliminary description of the NCS appears clsewhere
in this document.



Table 1. Tracking and data acquisition stations of the DSN

DSS serial Antenna Year of initial
. Seri r of initi;
DSCC Location Dss designation  Diameter, Type of eoaperatinln
m {ft) monnting
Goldstone California Pioneer 11 26(85) Polar 1958
Echo 12 26(85) Polar 1962
(Venus)s 13 26{85) Az-El 1962
Mars 14 64(210) Az-El 1966
Tidbinbilla Australia Weemala 432 26(85) Polar 1965
{formerly
Tidbinbilla)
Ballima 43 64{210} Az-El 1973
(formerly
Boaroomba)
- Australia Honeysuckle Creek 44 26(85) X-Y 1973
- South Africa Harteheesthoek 51 26(85) Polar 1961
Madrid Spain Robledo 61 26(85) Polar 1965
Cebreros 62 26(85) FPolar 1967
Robledo 63 64(210} Az-E] 1973

®*A maintenance facility. Besides the 26-m (85-ft) diam Az-FEl mounted antenna, DSS 13 has a 9-m (30-ft) diam Az-El mounted
antenna that is used for interstation time correlation using lunar reflection techniques, for testing the design of new equipment,
and for support of ground-based radio science.
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Deep Space Network Test and Training System

H. C. Thorman
DSN Systems Engineering

A description of the Deep Space Station Test and Training Subsystem is pre-
sented including the evolution and usages of the Simulation Conversion Assembly,
capahilities of the present subsystem (Mark 111-73) and planned expansion (Mark
HI.75) to meet Viking requirements. A brief discussion of present and planned
capabilities of the Network Control Test and Training Subsystem is inciuded.
These are both subsystems of the Deep Space Network Test and Training Systen.

I. Deep Space Station Test and Training
Subsystem

The block diagram in Fig. 1 shows the elements and
flow paths of the Deep Space Station (DSS) Test and
Training Subsystem, Mark III-73, and also the new cle-
ments to be implemented at DSS 14, 42/43, and 61/63 to
upgrade the subsystem to the Mark III-75 configuration
in the 64-m subnet. The Mark III-73 confliguration is
currently in operation at all DSSs and CTA 21 and MIL
71. The Mark 111-75 configuration will be implemented in
the latter part of 1974 and will become operational in the
early part of 1975.

A. Telemetry System Test Support

Telemetry System testing and participation in mission
telemetry simulation are supported by the Simulation

JPL DEEP SPACE NETWORK PROGRESS REPORT 42.20

Conversion Assembly (SCA) at each DSS'" and CTA 21
and MIL 71, The SCA is interfaced to an XDS-810
computer, which serves as the Simulation Processing
Assemnbly (SPA) when operating with Test and Training
subsystem software?, Provisions are made for both manual
and computer control of a multiplicity of SCA functions.

. The original SCA configuration was implemented in
1970 as part of the former DSN Simulation System (Ref. 1).
The SCA replaced the earlier Multimission Telemetry
(MMT) Test Assembly and also the DSIF/GCF Interface
(DGI) Assembly that had supported Mariner Mars 1669

1A single SCA at each conjoint station (DSS 42/43 and DSS 81/63)
supports hoth the 26-m and the 64-m DSS telemetry strings.

tThe XDS-M0 computer in the 26-m DSSs is also used for opera-
tion of the Antenna Pointing Subsystem.



mission preparations. The SCA was used for Mariner Mars
1971 and Pioneer 10 and Il pre-mission testing and
training.

Upgrading to the present SCA-I configuration (Fig. 2)
was completed at all stations by early 1973, The modifi-
cation consisted primarily of the addition of the Data
Selection Panel which incorporated new functions re-
quired for simulation of Mariner Venus/Mercury 1973
telemetry characteristics and also increased the opera-
tional versatility of the SCA. The SCA-T configuration was
cxtensively utilized for Mariner Venus/Mercury 1973
mission preparations, and it is currently supporting Helios
mission testing and training.

SCA-I capabilities provide composite output signals to
represent up to two dual-channel spacecraft. Additional
SCA equipment and new software are being fabricated
for use in the 64-m subnet, to provide an SCA-II con-
figuration for the DSS Test and Training Subsystem Mark
UI-75 configuration. SCA-IT will supply signals represent-
ing up to three dual-channel spacecraft, to support DSN
preparations for the planetary operations of the Viking-
Mars 1975 mission {Ref. 2).

B. Digital Telemetry Simulation

The digital section of the SCA (Fig. 1) has the capa-
bility to output multiple data sireams at controlled rates
and also the capability to provide various types of coding
on one or more of the streams, as described in Table 1.
SCA-I has a 4-channel output capacity and SCA-II has
a 6-channel output capacity.

Each channel can be independently operated in any
of three modes as described in the following paragraphs.

1. Manual mode, In the manual mode the chanuel can
be operated independently of the 910 computer. Simple
data patterns such as square-wave, pseudonoise sequence,
etc, can be generated in this mode. The manual mode is
used primarily for checkout and calibration of station
ecjuipments.

2. Computer-local mode, In the computer-local mode,
the channel can be supplied with simulated telemetry
data generated in the XDS 910 computer. The computer-
gencrated data can be patterned to include frame syn-
chronization codes and other repetitive features so that it
can be processed and decommutated when received at the
Mission Control Center. The computer-local mode is used
primarily for prepass data transfer checks and for DSN
operational verification tests.

3. Computer-remote mode. In the computer-remote
mode, data from an external simulation source (such as
the MCCC Simulation Center) is inputted to the XDS
910 computer via the GCF high-speed data (IISD) suhb-
system or the GCF wideband data (WBD) subsystem. The
computer extracts and buffers a specified number of data
words from each HSD or WBD block for conversion into
an SCA data stream. Control of SCA functions in this mode
is typically exercised from the remote simulation source by
transmitting HSD blocks containing appropriate mne-
monic entries to establish initial conditions or to change
conditions during a test sequence.

High-speed and wideband data block format require-
ments for this operating mode are deseribed in Ref. 3.

The computer-remote mode is utilized for “long-loop”
Ground Data System testing, joint Flight Project and
DSN training, and for operational readiness tests. This
mode of operation permits Flight Project-furnished,
dynamic, command-responsive simulated telemetry data
to be transmitted and processed through the entire ground
data system,

C. Analdg Telemetry Simulation and Radio Frequency
Controls

The analog section of the SCA {Fig. 1) provides “video
conditioners” (video-bandwidth signal conditioners),
driven by subcarrier-frequency generators, to modulate
subcarriers onto the telemetry data streams. Other capa-
bilities include subcarrier mixing, modulation-index con-
trol, and downlink carrier modulation and signal level
control, as described in Table 2.

The interface hetween the digital and analog sections
of the SCA is through the switching matrix of the Data Se-
lection Panel (Fig. 3). Each of the functions on this panel
can be exercised by either manual or computer control.
The switch matrix allows each digital data stream to be
assigned to any signal conditioner. The panel provides
local display of switching assignments and modulation
index attenuator settings, by pushbutton selection.

D. Command System Testing

On-site testing of the DSS command subsystem is ac-
complished by operating a test program in the Digital
Instrumentation Subsystem (DIS) computer (XDS 920) to
output HSD blocks to the station communications termi-
nal for loop-back to the Telemetry and Command
Processor (TCP) XIS 920,
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For end-to-end DSN Command System testing the DSS
command subsystem is operated in its normal configura-
tion, except that the uplink signal is radiated to a dummy
load. The command data blocks are transmitted to the
DSS via the GCF HSD subsystem from eiu..r the Net-
work Control System or the Mission Control and Com-
puting Center,

E. Tracking System Test Support

DSS test and training functions related to the tracking
subsystem presently include the following:

(1) Test signals from the Tracking Data Handling
(TDH) assembly provide inputs to the DIS XDS
920 which formats and outputs radio metric data
in HSD blocks for transmission to the MCCC and
NCS to test loading and to exercise accountability
processing,

(2) The Block IV Receiver/Exciter Subsystem that is
being installed at the 64-m DSSs offers an oppor-
tunity to simulate doppler-frequency shifts by
manual input of ramp-control parameters into the
frequency synthesizer control unit, as indicated in
Figure 1.

F. Time Simulation

A time code generator mounted on the SCA provides a
simulated time signal which can be substituted for the
standard GMT input to the DSS time distribution assem-
bly (Fig. 1}. The simulation time code generator is driven
by signals from the DSS frequency distribution assembly.

Il. Network Control Test and Training
Subsystem

Table 3 describes the test and training capabilities for
each of the three implementation blocks of the Network
Control System (NCS).

A. NCS Block1

The Block I NCS, currently in operation, includes a
capability for DSN Command System testing and a capa-
bility for transmission of pregenerated HSD blocks for
“short-loop” testing of the NCS.

B. NCS Block Il

A Block I software modification, tentatively planned
for Block 1I implementation in the latter part of 1974
would add a capability for transmitting control messages
to the SCA in the same manner that commands are trans-
mitted to the TCP.

€. NCS Block Il

Design of the Block ITI NCS, planned for implementa-
tion in the latter part of 1975, includes a Test and Training
Subsystem with capability for real-time generation of
dala patterns required for testing of the Block III NCS
telemetry, tracking, command, monitor, support, and
display subsystems and for DSN systems testing and
operations training. Reference 4 provides the Block 111
functional requirements for the NC Test and Training
Subsystem.
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Table 1. Digital channel capacities of DSS simulation conversion assembly

Capability SCA I SCA II

Total output of independent data streams 4 channels 6 channels

Variable rate control, Available on 8 channels Available on 4 channels

1 bit/s to 250 ksymbols/s

Selection of discrete rates, 8-173, 16 2/3,
33-1/3, 133-1/3 hits/s

Selection of block coding (32, 6)
and {16, 5)

Selection of convolutional coding,
systematic (1/2) and (1/3)

or non-systematic (1/2) and
(1/3)

Available on 2 channels Available on 3 channels

Available on 4 channcls

Available on & channels

Available on 1 channel Available on 1 channpel

Table 2. Analog channel capacities of DSS simuiation conversion assembly

Capahility SCA I SCA 11

Data and subcarrier signal conditioning Biphase modulation, 4 subearrier Biphase modulation, 8

channels subearrier chanmnels

4 Different frequencies,
1 Hz to 10 MHz range

Available on all signal
conditioners

3 Different frequencies, 1 Hz
to 10 MHz range

Availahle on all signal
conditioners

Subearrier frequency generation
Selection of interplex modulation

Controllable attenuator on
output of each signal conditioner

Controllable attenuator on
output of each signal conditioner

Modulation-index angle cantrol

Subcarrier mixing and downlink In pairs onto each of 2 §-band In pairs onto each of 3 §-band
cartier modulation carriers carriers

Downlink carrier signal level control Controllable attenuator on

output of each test transmitter

Controllable attenuator on
output of each test transmitter

Table 3. Network control test and training subsystem capabilities

Functions Block I capability Block IT capability Block III capability

Radio metric data patterns

Telemetry data patterns

Remote control of DSS simulation
conversion assembly

Simulation of project
commands

Simulation of DSS CMD
responses

Simulated DSS monitor data

Canned block stream
only

Canned block stream
for NCS self test
anly

None

Yes, in NC
CMD subsystem

None

Canned block stream
only

Same as block I

Same as block I

TPossibly, using
block I command
capahility

Same as block I

None
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Fig. 3. SCA data selection panel, test panel, and control panel
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Mariner Venus/Mercury 1973 Mission Support

E. K. Davis
DSN Systems Engineering Office

Following the successful launch on November 3, 1973, DSN emphasis for Mariner
Venus/Mercury (MVM’73) switched from premission preparations to flight sup-
port. However, a high level of implementation activity continued in parallel to
achieve operational readiness of additional capabilities committed to be available

by January 1, 1974.

I. Planning Activities
A. NASA Support Plan (NSP)

NASA Headquarters acted quickly on the NSP, which
was revised and resubmitted for approval on October 25,
1973. Approval was completed on October 31, 1973, and
the DSN published and distributed Revision 1 immedi-
ately thereafter. This will be the final issue for the
MVM’73 primary mission, which extends to April 15, 1974.
Support commitments for extended mission operations, if
approved, will be documented in a new NSP scheduled
for publication in April 1974.

B. DSN Operations Planning

During November and December 1973, emphasis was
on proper execution of the previously published DSN
Operations Plan for MVM'73. However, to accomplish
this in the heavy support load environment, daily plan-
ning sessions with the Project were required to produce
workable, detailed schedules and sequences of events. The
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Pioncer/Mariner 10 64-m subnet sharing plan described
in the previous article was made more complex by the
occurrence of Mariner 10 spacecraft problems resulting in
numerous real-time changes to DSN schedules, sequences,
and procedures.

1. Program Control
A. Status Reviews and Reports

Weekly status meectings with the Project continued
throughout this reporting period. Subsequent to the suc-
cessful completion of launch and near-Earth television
operations, additional items pertinent to Mariner 10 cruise
and encounter operations were added to the “Critical Lien
List:” DSSs 43 and 63 planetary ranging, DSS 14 5/X-
band, DSSs 43 and 63 high-rate video telemetry data
handling, open-loop receiver/occultation recorder verifi-
cation, 10 sample/s doppler capability, and recall capa-
bility for DSS radio metric original data records (ODRs).
The DSN has issued daily and weekly status reports to a
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wide distribution during the eritical and cruise phases
respectively. Submission of monthly inputs to the Project
Management Report continues.

. Implementation Activities

Following the very successful support given to
Mariner 10 in the early part of November 1973, the
DSN gave full attention to the resclution of problem
areas and to open implementation required to be com-
pleted by January 1, 1974. A summary of these items is
given in Table 1.

1. Telemetry and command data subsystem (TCD).
Previously reported problems regarding telemetry orig-
inal data recording quality were resolved prior to launch
except for time tag errors. A hardware solution for random
occurrences of large timing errors in the timing distribu-
tion system/Telemetry and Command Processor (TCP)
clock was not possible for MVM'73; thercfore, operational
procedures were designed to reduce or climinate effects
on data records. The Network Operations/Analysis Team
cheeks timing aceuracy of real-time telemetry blocks dur-
ing cach DSS prepass countdown. If timing errors are
observed, front panel restarts are accomplished on TCD
subsystem assemblies to reset the clock to the correct
time. Checks are continued hourly during DSS tracks and
the procedure is repeated as necessary.

The third Data Decoder Asscmbly required to com-
plete the IDSSs 61 and 63 conjoint DSS three-string con-
figuration was installed and checked out. Three strings
are required at the conjoint 26- and 64-m DSS to accom-
modatc (1) real-time recording of 117 kilobits/s video,
(2) real-time handling of 2450 hits,/s nonimaging science,
and (3) near-real-time, reduced-rate playback of video
data via 28.5 kilobits/s wideband communications circuits.

Digital recording of radio metric data in the DSS digital
instrumentation subsystem (DIS) was initiated during the
MVM’73 preparation period. However, the capability for
posttrack recall/replay of these data was not developed
in parallel. To achieve this capability in a timely man-
ner, an overlay modification for an existing telemetry
replay software program is being prepared for delivery
in January 1974. This will involve replay of DIS recorder-
produced digital tapes via the TGP /recorder requiring
DIS/TCP tape deck compatibility. In the interim, radio

metric data may be recalled via low-speed punch re-
corder replay.
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2. Tracking data handling subsystem (TDH). Imple-
mentation of planetary ranging capabilities continued at
DSSs 43 and 63 during this period; however, there wags
little productive time due to Pioneer 10 encounter con-
figuration freezes. In addition, installation kits were not
complete in that a few required cables were not available,
Consequently, the January 1, 1874 readiness date was not
met. The impact of this late implementation on Project
pavigation was, at first, not significant since the DSN
Mark IA Lunar Ranging Assembly was still providing
good ranging data from 28-m D$Ss. Mark TA support
could have continued through late January 1974; how-
ever, on December 25, 1973, the spacecraft high-gain
antenna experienced a problem that resulted in a signifi-
cant loss in downlink signal performance. Since ranging
fromi 26-m DSSs was no longer possible, priority action
was taken to assurc completion of planetary ranging
checkout by January 15, 1974,

3. Digital instrumentation subsystem (DIS ). Although
the TDH subsystem was modified earlier to gencrate
doppler data at a rate of 10 samples/s, the existing DIS
software program could not handle this rate. This capa-
bility is required for radio science experiment support
at planetary encounters, particularly at Mercury, Final
checkout of the necessary software program update is in
process and is scheduled for release in January 1974.

4. Antenna microwave subsystem. Analysis of DSS 14
low-noise ultracone performance indicated that this capa-
bility would most likely permit sufficient RF link per-
formance to support a video data rate of 117 kilobits/s at
Mercury encounter. This would significantly increase the
science return from Mercury since rather high-resolution
coverage of the entire lighted disk would be possible.
Consequently, the decision was made to install an ultra-
cone at IISS 43 to provide 117 kilobits/s coverage of
the Mercury out-going TV sequence. The cone has been
shipped to Australia, and installation is planned in mid-
January 1974,

3. 8/X-band equipment. As reported in Ref. 1, installa-
tion of the R&D S/X-band equipment, except the Com-
mand Modulator Assembly switch, was completed at
DSS 14 in late October 1973. However, completion of
checkout and an operable status was not achieved by
January 1, 1974, as planned due to a number of problems.
First, S/X-band checkout during November-December
1973 at DSS 14 was very difficult and at times impossible
due to conflicts with the load, configuration control, and
freeze imposed at the station for Pioneer 10 encounter.
Secondly, subsystem interface cable noise problems and
faulty assembly modules further delayed achievement of
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valid data, Most problems exhibited themselves in the
X-band rather than S-band data in the form of frequent
doppler cycle slips and offsets. Increased use of DSS 14 by
Mariner 10 in January 1974 should improve this situation
in preparation for Venus encounter.

IV. Operations Summary

Final DSN operational readiness tests were satisfac-
torily completed during the last week of October 1973,
in preparation for Mariner 10 launch and near-Earth TV
operations. Mariner 10 was launched on November 3,
1973 as planned, and the DSN has provided continuous
coverage to date via a combination of 26-m and 64-m sub-
net deep space stations: DSSs 12, 42, 62, 14, 43, and 63.

During November and December 1973, most coverage
was provided by the 26-m subnet, with DSS 14 averaging
about three passes per weck, DSSs 43 and 63 tracks of
Mariner 10 were nil due to higher priority support for
Pioneer 10, DSS 44 was brought into use for Mariner 10
on a rush basis to avoid a 4-h gap in coverage on Decem-
ber 3, 1973 due to Pioneer 10's use of both DSSs 42 and 43
during encounter closest approach.

DSN support for Mariner 10, including the high-activity
Earth-Moon TV sequence and trajectory correction
maneuver, has to date been excellent. As expected in a
continuous coverage operation, the DSN has experienced
problems and equipment failures; however, none has had
a significant impact on mission operations and data
recovery.

Reference

1. Davis, E. K., “Mariner Venus-Mercury 1973 Mission Support,” in The Deep
Space Network Progress Report, Vol. XVIII, pp. 5-15. Jet Propulsion Labora-

tory, Pasadena, Calif.,, Dec. 15, 1973,
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Table 1. Postlaunch implementation and problems

Open implementation (I} and
problems (P)

Location

Block IV 5/X-band ranging/
doppler

Planetary ranging
10 Sample/s doppler

Radio metric original data
record replay

Open-loop analog recording

Standard analog recording
validation and improvement

Low-noise ultracone
Third Data Decoder Assembly

Digital telemetry ODR time
tag error

Command Modulator Assembly
{CMA) switch

)
e

I
ity

(I/P)
(F)

(0
(D
(P)

DSS 14

IDS8Ss 43 and 63
All DSSs
All DSSs

DSSs 14 and 43
All DSSs

DSS 43
DSS 61/63
All DSSs

DsS 14
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Pioneer Venus 1978 Mission Support

R. B. Miller
DSN Systems Engineering

The current concept for DSN support of the Pioneer Venus 1978 probe mission

is described.

|. Introduction

Pioneer Venus 1978 current mission concept is for a
two-spacecraft mission with both launches in the 1978
Venus opportunity. One spacecraft will consist of a bus
and four probes which will all enter the Venusian atmo-
sphere. The second spacecraft will use the same basic bus
but with the probes replaced by a propulsion package
sufficient for achieving an orbit around Venus with a life
in orbit of seven months or one Venusian year. This article
is an introduction of the current DSN concept of support-
ing the telemetry for the probe mission.

Il. Probe Mission Characteristics

The probe mission will involve delivering an array of
aerodynamic probes over the surface of Venus from a
spin-stabilized bus. The probes will consist of three iden-
tical small probes and one larger probe, each carrying an
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assortment of instruments to measure the characteristics
of the atmosphere down to the lowest atmospheric scale
height above the surface. It will not be a mission objec-
tive for the probes to function after impacting the surface
of the planet. The bus will carry independent scientific
instruments to measure the characteristics of the atmo-
sphere above 130 km altitude. The bus will not be de-
signed to survive atmosphcric entry. After separation of
the probes from the spinning bus, some 5 to 15 days prior
to entry, the bus will be retarded so as to enter the atmo-
sphere after the probe entries have been completed. This
will enable the bus to serve as a frequency reference for
an interferometric tracking experiment to determine the
wind drifts of the probes during their descent through
the atmosphere.

The probes will have direct communication with Earth.

The large probe and bus will carry coherent transponders,
and the small probes will have stable oscillator-controlled
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transmitters (on the order of 10-° stability after turn on).
Since the probes will be battery powered, their radio sub-
systems will be turned on only a short time (on the order
of an hour) prior to entry. In the current mission concept
this means that the probe frequencies would not be seen
on the ground from launch in August 1978 until shortly
before entry in December of 1578. The descent phase will
last on the order of one hour, and current mission concept
has all four probes entering simultancously during the
DSS 14 and DSS 43 overlap in view period. In the inter-
face region between 120 km and 80 km altitude, there will
be a blackout of communications. Since the bus must be
tracked simultaneously by the same stations as the probes
for the sake of the wind drift measurements, both DSS 14
and DSS 43 must be equipped to receive all five signals
simultaneously, although it may not prove necessary for
bus telemetry to be received at the 64-meter stations.

i1l. DSN Support Plans

For the sake of redundancy there will be duplicate
telemetry capability at 1DSS 14 and DSS 43 for each
probe. The prime source of telemetry data will be through
the closed-loop receivers. The current plan calls for five
open-loop receivers at each station, which is one more
than the Viking configuration. The fifth closed-loop re-
ceiver will give flexibility in the initial acquisition search
prior to entry, or alternately allow for tracking of the bus
for telemetry at a 84-meter station, if required.

Because of the higher risks associated with this mult-
probe mission and to increase the data return surrounding
the blackout region during entry, a predetection telem-
etry recovery system utilizing open-loop receivers will be
provided. Four open-loop receivers, two more than the
Viking configuration, will be provided at both DSS 14
and DSS 43, Telemetry data would be analog recorded
for later playback. Playback of the predetection analog
recordings will utilize a digital wow and futter compen-
sator being developed by the Jet Propulsion Laboratory,
The technique involves an A to D conversion, then the
digital compensation utilizing a pilot tone recorded with
the data, then an A to D conversion, up conversion to
§-band, and finally play-in through a standard closed-loop
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receiver and telemetry system. Losses associated with the
predetection recording and playback compared to the
real-time closed-loop system will be less than 1% dB. The
bandwidth at S-band of the predetection telemetry sys-
tems to be used for Pioneer Venus will be about 300 kHz
so that tuning of the open-loop receiver should not be
necessary during the descent.

The wind drift measurement will require that all five
signals received from the probes and bus (if the probe
entries are simultaneous) be received through a single
open-loop receiver. The frequency allocations will be
such that a bandwidth on the order of 1 MHz will be re-
quired. To avoid the necessity of an additional open-loop
receiver, two ports on one of the open-loop receivers is
being provided for telemetry. One port would be 300 kMz
for telemetry, and the other port would be 1 MHz for the
wind drift measurement. The details of how the differ-
ential interferometry data will be taken for the wind drift
experiment have not been established; however, it appears
the project will request that cxperimenter-provided equip-
ment be placed at DSS 14 and DSS 43, It is against usual
Office of Tracking and Data Acquisition (OTDA) policy
to have project-provided equipment at the stations, so
further negotiation will be required on this point,

The operation of nine receivers simultaneously at each
DSS to acquire 5 separate carriers for a 90-minute primary
mission will be interesting, to say the least. To make this
complex operation more manageable, each receiver will
be provided with manually programmed, digitally con-
trolled oscillators so that any tuning required can be set
and checked prior to the turn on of the probe transmitters.
The bus will be in two-way (its transmitted signal coherent
to a signal received from the ground) during the probe
entries, and it is hoped that the mission design will enable
the uplink to the bus to be from a 26-meter DSS to avoid
this additional complexity at the 64-meter DSSs. It may
also be required to maintain an uplink to the large probe
prior to blackout. This uplink could be from one of the
64-meter DSSs or an additional 26-meter 1SS, In any case,
dual uplink from a single station will not be provided.

A block diagram of the receiver configuration discussed
is shown in Fig. 1.
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Short Baseline QVLBI Doppler Demonstrations-Part |l

C. C. Chao and R. A. Preston
Tracking and Orbit Determination Section

H. E£. Nance
DSN Systems Engineering

This report describes the continuation of the short baseline QVLBI demonstra-
tions, which are designed to examine the stability of the current Doppler frequency
system. A total of six passes of simultaneous two-way and three-way doppler data
from Pioneer 10 were obtained at Deep Space Station (DSS) 11 and DSS 14, Results
indicate that the short-term (min), medium-term (hr) and long-term ( month) sta-
bilities of the new rubidium frequency standard (HP 5065A) are 8 parts in 103,
1.3 parts in 10**, and 1.9 parts in 10", respectively. The relative drift rate between
the two systems (DSS 11 and DSS 14) is around 6 mHz/month. This indicates that
the long-term stability of the current frequency system exceeds our limit level and
makes the coming quasi very-long baseline interferometer {QVLBI) (MVM’73)

demonstration very difficult.

I. Introduction

Accuracy analysis (Ref. 1) has shown that QVLBI
data (differenced simultaneous two-way and three-way
doppler) reduce navigation error produced by unmodeled
spacecraft accelerations by 2 or 3 orders of magnitude,
The inherent limitation of these data appears to be the
frequency systems at the participating stations. In Ref. 2,
it is shown that to account for spacecraft accelerations as
small as 10-2km/sec? (equivalent to about 5 m error in
station location) requires frequency stabilities over one
month of 2 > 10+,

This report describes the continuation of the short-
baseline QVLBI demonstrations (Ref. 2), which are de-
signed to examine the stability of the current doppler
frequency system. The aim of this project is to determine
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whether the current frequency system using the new
rubidium frequency standard (HP 5065A) is capable of
supporting two-station tracking demonstrations (QVLBI).
Results from Part I (Ref. 2) indicate that the long-term
(=10° sec) stability of the current system is on the order
of 5 parts in 10** (Af/f). However, the measured value
from Part I was based on only two passes of QVLBI
data, and the second pass, which occurred 16 days after
the previous one, had relatively poor data quality. Thus
continued demonstrations as proposed in Part I were
conducted.

A total of six passes of simultaneous two-way and three-
way doppler data from Pioneer 10 were obtained at
DSS 11 and DSS 14 from August 21, 1973, to Septem-
ber 23, 1973. By differencing these data types (QVLBI),
we can study the stability of the entire local oscillator fre-
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quency chain at the DSSs, of which the station frequency
standard is only a single component. A dircct microwave
link between the two stations was used as a less accurate
means of monitoring the relative drift between the station
frequency standards alone. During the same time period,
two similar passes of doppler data froin Pioneer 10 were
obtained at DSSs 42 and 43. Because these two stations,
which are about 200 m apart, use a common frequency
standard, the QVLBI data will be frée from the effects of
frequency standard instabilities, and should provide us
with an accurate methiod of examining the stability of the
remainder of the frequency system for that station pair.
This will help us to estimate the expected performance of
the frequency system when a better frequency standard
{cesium or hydrogen maser) is installed.

I1. Data Acquisition and Processing

A summary of the data taken during the continuation of
short baseline QVLBI demonstrations is shown in Table 1.
The six passes of two-way and three-way doppler data
obtained at DSSs 11 and 14 during a one month period
have data arcs that vary from 2 to 6 hours, Since these six
passes are rather evenly spaced over the month, we should
be able to estimate the long-term stability of the fre-
quency system. The two passes of data obtained from
DSSs 42 and 43 arc separated by a one-week interval and
are 1.5 and 7 hours in length. All the doppler data were
taken at S-band with a 60-second sampling rate.

To have a quick look at the results, pseudo residuals?
were differenced by hand immediately after the comple-
tion of each pass. Such a procedure can be helpful in
promptly locating problems in the performance of a dem-
onstration, and affording an opportunity to correct the
problems before the next scheduled pass of data.

For example:

(1) A 2-sccond difference between the time lags of the
two-way and three-way data was found in the first
pass of Doppler data at DSS 42 and 43. Unfor-
tunately, efforts to correct this discrepancy were
unsuccessful.

(2) A jump of approximately 80 mHz was noticed in the
frequency bias for the fourth pass of data between
DSSs 11 and 14. This was quickly attributed to an
epoch error of 0.180 sec in the setting of the DSS 14
clock.

1Differences between real and predicted doppler data that are pro-
vided in real-time by DSN.
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After all the data were obtained, the current orbit
determination program (Ref. 3) was used to calculate the
best theoretical estimates of the two-way and three-way
doppler observables. The program Differ (Ref. 4) then
produced the difference between the two-way and three-
way residuals. During this demonstration the Sun-Earth-
spacecraft angle was nearly 180 deg. Thus, the space
plasma and ionospheric effects are at a minimum. This
gives us confidence that the noise from charged-particle
effects should be negligibly small when the two-way
and the three-way data are differenced. The insensitivity
of short baseline QVLBI data to uncertainties in tro-
pospheric effects, baseline parameters and spacecraft
position has been shown in Part I (Ref. 2). Hence, the dif-
ferenced residuals should provide a good measure of the
entire local oscillator frequency chain bias between the
two stations, Observing the changes in this measured bias
over a number of different passes of data allows the sta-
bility of the frequency system to be analyzed. A single
pass of two-way and three-way doppler residuals and their
differences is plotted in Fig. 1. It is interesting to note
that the systematic rise in both sets of original residuals
due to transmission media modeling errors at low eleva-
tion angles vanishes when the residuals are differenced.

11l. Results and Discussion

As in Part I, we will discuss the short-term (minutes),
medium-term (hours) and long-term (days and months)
stabilities separately:

A. Short-Term Stability

Since the doppler data were sampled at one-minute
intervals, the standard deviations of the QVLBI data re-
siduals should give us a reasonable estimate for the short-
term stability of the frequency system. Figure 2 shows the
QVLBI doppler residuals for a number of the passes of
data taken at DSSs 11 and 14. The values of the standard
deviations of the residuals for each pass can be found in
Table 1. The average value of the standard deviations,
including the two passes from Part I, is 2.5 mHz. This cor-
responds to a stability of Af/f = 1.1 X 10-** for the entire
two-station tracking systemn. Assuming the same perform-
ance at both stations, the contribution from each station is

1.1 X102
Af/fﬁT =T.8 > 10
Based on the two passes of QVLBI residuals (Fig. 3) from
the Australian baseline (IDSSs 42/43), we can estimate the
stability of the system excluding the effects of the fre-
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quency standard. The average standard deviation of the
QVLBI residuals using the DSSs 42-43 data is 1.11 mHz?
or Af/f =48 X 10, The corresponding value for one
station is

4.8 X 10*
SA=—v75

If the noise from rubidium standards is uncorrelated with
that from other parts of the system, the estimated short-
term stability for the new rubidivm standard (HP 5085A)
will be

Afff =V T8 — 342 X 105 =7 X 1073

This value is in good agreement with the HP 5065A manu-
facturer’s specifications (Fig. 4).

= 3.4 X 1013

B. Medium-Term Stability

The medium-term stability (hours) may be estimated
from the values of the slopes of straight lines that were fit
through each pass (2 to 6 hours) of QVLBI residuals. The
mms value of those computed slopes including the two
passes from Part I is about 0.33 mHz/hr (Table 1). The
rms slope of the residuals from the Australia baseline is
0.041 mHz/hr. The equivalent Af/f values are displayed

-in Table 2,

The observed medium-term stability for the rubidium
standard is almost one order of magnitude smaller than
the short-term stability. It is interesting to note that this
medium-term value essentially agrees with the value ob-
tained from a previous short baseline (DSSs 12 and 14)
VLBI demonstration (Ref. 5), but is smaller than the
HP 5056A manufacturer’s specification.

C. Long-Term Stability

The long-term (month) stability attracts most of our
interest because, as shown from computer simulation
studies (Ref. 2), it can seriously affect the accuracy of tra-
jectories determined by QVLBI data. Figure 5 shows the
pass-to-pass variation of the frequency biases obtained
from QVLBI residuals on the Goldstone baseline. It is
seen that a 6.0 = 0.2 mHz change was found during the
one month period. This is indicative of the long-term sta-
bility of the entire frequency system. Using the data from

*The 1.11-mHz noise may be partly due to the 2-sec difference
between the time tags of the two-way and three-way data.

%The values of Af/f in this report have not been computed exactly
according to the definition of an Allan variance, the most common
means of judging the stability of a frequency standard,
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the Australian baseline, the long-term (8 days) contriby.
tion due to frequency system components other than the
frequency standard was found to be 1.0 = 0.4 mHz. The
corresponding long-term Af/f stabilities are shown in
Table 2. It should be remembered that these stabilities
have been determined from only a limited amount of data,
and hence, should be considered only order-of-magnitude
estimates.

A comparison of the microwave measurements of the
rubidium standard frequency bias on the Goldstone base-
line and the QVLBI measurements of the corresponding
local oscillator frequency chain bias is also shown in
Fig. 5. The good agreement of these measurcments indi-
cates that the majority of the observed local oscillator fre-
quency bias is indeed caused by a bias between the
rubidium standards. The estimated uncertainty of micro-
wave measurements is slightly less than 1 part in 10 for
a 4-hr integration time, which amounts to 1 ~ 2 mHz un-
certainty at S-band. Thus, we see from Fig. 5 that more
than 90% of the bias is due to the new rubidium standards,
This agrees with the medium- and long-term results from
the DSS 42-43 bascline {Table 2).

D. Capability of Supporting QVLBI Demonstrations

As discussed in Part I, the desired level of long-term
frequency stability was set at Af/f = 2 X 10-*. This will
allow the elimination of the error produced by 10-12 km /s?
accelerations (Mariner-tvpe spacecraft are typically sub-
ject to these levels). The observed stability of the current
tracking system is about two orders of magnitude worse
than the desired level. If the variation in the frequency
bias may be simply modeled (e.g., linear ramp) over a few
weeks time period, the stability requirements might be
eased somewhat by allowing the bias model to be incorpo-
rated into the orbit determination program. The QVLBI
determinations of frequeney bias on the Goldstone base-
line did seem to exhibit a linear drift (neglecting data
prior to power failure on August 26), but the data length
is not long enough {only one month) to draw definite
conclusions,

IV. Concluding Remarks

The short-baseline QVLBI demonstrations provide us
with a better understanding of the stability of the current
tracking system. The results are summarized below:

(1) Short-term (min) stability is 8 parts in 10
(2} Medium-term stability (hr) is 1.3 parts in 107
(3) Long-term stability (month) is 1.9 parts in 1012
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The medium- and long-term values are approximate esti-
mates due to limited samples. Additionally, it was found
that more than 90% of the relative frequency bias between
two DSSs was due to the frequency standards (HP 5085A).

The long-term stability of the current tracking system
exceeds the desired as well as acceptable level of stability
of high-precision QVLBI demonstrations. With the cur-
rent system, the success of the present QVLBI demon-

trations (MVM’73) becomes uncertain for spacecraft
acceleration levels lower than 10-° or 10-*! km/s?. It
appears that better frequency standards, like hydrogen
masers, are highly desirable for QVLBI demonstrations.
The nature of the long-term drifts of current rubidium
standards should continue to be examined. This would
increase the accuracy of the bias model in the orbit deter-
mination program, and also allow a better evaluation of
how frequency uncertainties affect orbit determination.
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Table 1. Experimental summary: measured frequency biases and bias rates for individual passes of QVLBI data

: Standard deviation
Date Bias a,* mHz Bias rate b,* mHz/hr  of QVLBII{.(:) data,  No. of data points
m
Goldstone Baseline DSS 11 8/21 —¥4.86 +0.14 —0.258 +0.081 2.85 3268
& DSS 14 (F31:-F214) 8/22 —34.98 =017 —0.198 +0.248 2.08 137
8/30 —20.93 +0.20 0.021 0,024 2.51 147
9/7 —31.73 =034 —2.920 +£0.60 334 98
9/13 —33.94 =030 0.841 £0.70 2.28 59
5/23 —36.04 =013 -0.316 0,10 2.03 225
RMS 0.330 2.49 990
{Total)
Australia Baseline DSS 42 8/30 —0.158 +0.21 —{.108 %043 1.68 65
& DSS 43 (F342-F24s) 9/7 +1.342 +£0.07 +0.010 £0.023 1.00 406
RMS 0.041 1.11 471
(Total)
*Fit to a straight line @ + b (# — #m), tm time of mid-point of each pass
Af _ 249 X 10-3 i
;= ea w10 = 1.1 x 10-12 short term
ATf = % = 1.5 x 1013 median term
A 6 x 10-3
‘}t =53 %10 = 2.6 X 112 long term
Table 2. Measured frequency stabilities
No.of Short term Mfedium Long term
Stations {min) m {days ~month)
{hr)
Entire Twos 1.1X10-12 154 X 1013 2.6 X 10-12
tracking
system One* T78X10-13 1.10x10-13 185X 1012
System

excluding Two 48X 1012 18 x 1014 44 X101

standards  Ope  34x 102 1.3 X104 31 X 10-14
HP5065A

Frequeney ., 78x10-15 150%101 26 x 10
standards

HP5085A ©One 7.0X10-1@ 1L10X10-19  1.85x 1012

*One-station system = two-station system
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Fig. 2. QVLBI doppler residuals for a number of
passes on the DSS 11/14 baseline
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Report of the Two-Station Doppler (VLBI) Demonstration
Conducted With Mariner 9

B. D. Mulhall
DSM Systems Engineering

C. C. Chao, D. E. Johnson, and J. W. Zielenbach
Tracking and Orbit Determinatfon Section

The Mariner 9 spacecraft was simultaneously tracked by the Echo Deep Space
Station in the Goldstone Deep Space Communications Complex and Woomera
Deep Space Station (no longer operational) during the month and a half prior to
Mars encounter. The doppler data obtained were generated using hydrogen masers
in the Frequency and Timing System. The benefits gained by tracking with two
stations simultaneously and the difficulties encountered in processing the data are
described. The results indicate that it is necessary to difference the two-way and
three-way doppler explicitly if batch filtering is to be employed when there is sig-
nificant process noise related to the spacecraft. The results, though promising, are
not as conclusive as might be hoped for due to the limited amount of data.

l. Introduction

Analysis and simulations have shown that orbit deter-
mination for a spacecraft with process noise, e.g., un-
modeled nongravitational forces, can be greatly enhanced
by simultaneously obtaining doppler from two remote sta-
tions. These simulations are described in Ref. 1 and also
described in the sccond section of this article.

To demonstrate the validity of these assertions, an ex-
periment was undertaken with the Mariner 9 spacecraft.
Hydrogen masers had been installed and were operational
at two deep space stations—Echo (DSS 12) at Goldstone
DSCC and DSS 41 at Woomera, Australia.! These hydro-
gen masers, provided by the Goddard Space Flight Center
(GSFC), offered an excellent opportunity to demonstrate
two-station doppler. The California-Australia bascline
was quite well snited for this demonstration, since an
overlap (mutual view period) of 4 hours was available for
Mariner @ during the latter part of the cruise phase.

No longer operational.
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In addition to the special equipment at the two stations,
the experiment could also take advantage of an unusually
high level of nitrogen gas leakage from the spacecraft
attitude-control subsystem, The leakage (shown in Fig. 1}
could not be perfectly modeled, and represented the type
of process noise that two-station tracking is intended to
overcome.

Consequently, permission was obtained to extend the
coverage by DSSs 12 and 41 to track throughout their
mutual view period on 18 days during the period Octo-
ber 4 to November 14, 1971. The demonstration had to be
performed before the spacecraft went into orbit around
the planet Mars since after Mars orbit insertion, the accel-
eration of the spacecraft by Mars would mask any process
noise effect.

The DSN was requested to performn the handover (re-
assignment of transmitters) at the center of the overlap.
By this tracking pattern, equal amounts of three-way data
could be obtained from both stations, During the demon-
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stration, this request could not always be met since the
Mariner Mars 1971 (MM'71} Project required that DSS 12
transmit all the way to the end of the view period, so
that commands could be entered into the spacecraft from
Goldstone. Consequently, only four handovers were exe-
cuted in the center of the overlap, which proved very
unfortunate, as will be discussed later.

Il. Description of the Experiment

The two-station doppler demeonstration had as its origi-
nal objectives:

(1) To demonstrate that three-way data can be proc-
essed by the tracking system and orbit determina-
tion programs.

(2) To demonstrate that two-way and th'ree—way
doppler can be used to overcome the process noise
problem in spacecraft navigation.

(3) To evaluate the merits of explicitly differencing
two-way and three-way doppler as opposed to
merely using the two data types together.

The Mariner 9 spacecraft experienced fairly high gas
leakage® for a Mariner class spacecraft, as shown in Fig. L.
The MM'71 Navigation Team had overcome this problem,
and was successful in this effort, by using tclcmetry data
to correct the trajectory to compensate for the gas leak-
age. Although therc was some uncertainty in the magni-
tude of the leaks, their time of occurrence was quite well
known from the spacecraft telemetry.

In the initial stages of data analysis, the Orbit Deter-
mination Program (ODP) was used with a trajectory
which had been corrected for gas leakage. The F2-only
solutions (using only two-way doppler) were so close to
the Project’s current best estimate that there was little
hope of improvement when three-way data were added.
Conscquently, a trajectory which ignored the gas leakage
was used, so that improvements by employing two-station
doppler could show their potential advantage if the gas
leakage was not detected, or if the magnitude of the leak-
age was very uncertain.

The long arc solution designated by the Project as its
best estimate was employed as a standard of compari-
son for all target plane results determined by this experi-
ment. Station location solutions were compared to the
DSN station location work performed after the Mariner 9
Mission since these are the current best estimates of these
parameters.

*Accelerations due to gas leaks are usually < 1012 km/secz,
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The accuracy or reasonableness of other parameters

was based on discussions with experts in each particu-
lar field.

In the case of the clock frequency offset, the discussions
with 8. Ward and F. Borncamp of Division 33 indicated
that the biases which result from the difference in fre-
quency between the two clocks should be less than
10 mHz. In addition to this, it was known that the biag
should be equal in magnitude but opposite in sign on each
side of a handover—i.e., when the transmitter assignment
is changed from one station to the other.

A third measure of acceptability of experimental results
for the frequency bias was to compare the value obtained
when the bias was estimated by the ODP with the aver-
age of the three-way minus two-way residuals when three-
way data were not in the solution, As discussed in later
sections, all three criteria have some inherent problems.

Table 1 and Fig. 2 show the data used. These data
include two-way doppler (F2), three-way doppler (F3),
their difference (F3-2), and discrete spectrum range (Mu).
Although the two-way data were available throngh most
of the view period, they were restricted to a short interval
near meridian transit for each station, and the mutual
view period.

The one-minute F2 and F3 data obtained were com-
pressed up to 10 minutes and synchronized to maximize
the number of usable points.

As shown by Table 1 and Fig. 2, there werc not as many
three-way data obtained as had been hoped for. There are
actually only about six days in which the overlap is well
covered, and only four of these have the handover near
the middle of the overlap. In addition to the doppler
data, there are Mu-ranging points fairly evenly distributed
throughont the arc. These proved very valuable.

lll. Discussion of Solutions

The analysis was all performed postflight. Test philoso-
phy was to process the data as though ignorant of any gas
leaks and to compare results using various combinations
of four data types (two-way doppler (F2), 3-way doppler
(F3), their difference (F3-2) and discrete spectrum range
{Mu)). It was assumed that some F2 and Mu data would
be needed to establish the geocentric orbit, but a method
had to be found to weight the data to give only as much
geocentric information as necessary without falling prey
to thie process noise present in these data.
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The more important difficulties occurred in trying to
eliminate the threc-way frequency biases and transmis-
sion media effects.

Even though the expected three-way biases using the
hydrogen masers were only about 5 mHz, they had a sig-
nificant effect on target plane results and had to be
removed. Analysis of the instrument calibration data
showed that the uncertainty in the determination of the
clock drifts (which cause the biases) was much larger
than the magnitude of the drifts themselves (Fig. 3),
which seemed to indicate those independent measure-
ments could not be used to model the biases. The only
recourse was to estimate the biases in the ODP. There
were some constraints that could be applied. However,
the exceptional stability of the masers would suggest
slowly varying biases, if any, although short period
changes might be induced from other portions of the
tracking system, like the synthesizer. The biases were
assurned constant over any pass from a given station and
in some solutions, constant over the entire 45-day arc.

It was also found necessary to develop some criteria for
judging the quality of the results, because they showed
the typical intermediate arc dispersions of 100-200 km
in B*R (the component in the target plane parallel to
the ecliptic).

Wae established the following criteria for judging the
credibility of the hias values obtained from the ODP
solution:

(1) The biascs should be invariant with data weight
and parameter set.

(2) The biases should be less than 0.01 Hz and fairly
constant over the 45-day span.

IV. Solutions for Frequency Bias

Early attempts at fitting two-way and thrce-way
doppler with partials for the frequency bias resulted in
values which did not mect any of the two criteria lTisted
in the above paragraph. These first attempts used partials
which modeled the frequency offset as a constant for each
station for each day. Realizing that this most obvious
approach was not working, a simulation was attempted
to investigate the problem.

This simulation consisted of replacing all the two-way
residuals with zero and all the three-way residuals with
the value 3 mHz. When a solution was attempted with
this simulated data, erroneouns valucs resulted, even
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though the data were “perfect” and the model was a per-
fect description of the data. On certain days, the value
obtained from the solution for the bias was as far off as
0.5 mHz.

The covariance matrices from these solutions showed
that the position of the spacecraft was highly correlated
(correlation of X and Z ~ 0.9 correlation of Y and Z
~ 0.98). To overcome this singularity in position, ranging
data were entered and with the addition of this data type,
the simulated bias could be solved for with very good
accuracy.

When ranging data were used to solve for the three-way
frequency bias with real data, the values for the biases
which resulted still did not §ill the two criteria mentioned
earlier. Consequently, other approaches were tried. These
consisted of adding off diagonal terms to the a priori
covariance matrix to mode! the correlation of the hias
from day to day. In addition to these aids, the negative
correlation between the three-way frequency bias at the
two stations at the time of handover was also modeled by
making the partial for the three-way bias one parameter
for the two stations with a value of +1 for DSS 12 and
—1 for DSS 41. Finally solutions were attempted with a
single bias over the entire 45-day period.

Even with all these crutches, the values of the biascs
were still not consistent from two-way and three-way
doppler as compared to differenced doppler. These results
are shown in Fig, 4a.

The two requirements for reasonable answers are nearly
met by those solutions with F3-2 which solve for differ-
enced station locations rather than one station and the
baseline position. These values agree quite well with the
difference between the two-way and three-way residuals
when the three-way data are not in the solution.

Since the data have been calibrated for the troposphere
and ionosphere, it is not believed to be due to this atmo-
spheric effect. The errors in this calibration could cause
some of the scatter shown in Fig. 4 on the values obtained
for the biases.

Tinally, solutions were attempted solving for a single
bias over the entire 45-day arc. The bias was arbitrarily
assigned a partial of +1 for DSS 12 and —1 for DSS 41.
Figures 4a and 4b show the resultant values of the bias
and the target plane results. Solutions employing FZ2 and
F3 agrec fairly well with differenced doppler solutions
solving for differenced station locations in terms of the
values of the bias. These results for the bias also tend to
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agree with solutions for individual (by pass) biases. How-
ever, the effect on station locations and target plane results
do not agree.

Even more disturbing is the result obtained when we
solve for one bias, one station location (DSS 12) and the
baseline. The result for the bias in this case has a sign
different from most other solutions.

This is due to the limited data set. In this solution the
F2 data from DSS 41 are ignored since they could not be
employed to solve for DSS 41’s location, Solving for the
locations of DSS 12 and DSS 41 as well as the baseline
would have been solving for six parameters only four of
which are independent.

V. Two-Way Data Only

Two different nominal trajectories, with and without
gas leakage corrections were used to process the F2 data
described earlier, giving the results shown in Fig. 5. The
solutions based on the trajectory with gas leakage correc-
tions (Case A to G) agreed better with the Project’s cur-
rent best estimate (CBE), than the other set (Case A’ to
(') ignoring gas leakage, and were not particularly sensi-
tive to the inclusion of various parameters except solar
pressure. Two-way solutions without gas leakage calibra-
tions spread out perpendicular to the B vector bear out
the predicted sensitivity of station location and solar
pressure solutions to gas leakage when only F2 data are
present.

When all the DSS 12 and DSS 41 F2 data between
Oct. 4 and Nov. 13 (2600 points) were included the results
based on the trajectory without leaks improved somewhat,
but the solutions involving station locations, solar pressure
and mass (GM) of the moon were still quite volatile, The
station longitude corrections from Case G of this set were
2 to 3 m more than the usual 6 m seen in all the other con-
ventional processing and when GM of the moon was not
included in the solution the longitude corrections became
as large as 18 m.

The sigma used for weighting all the F2 data was
0.045 Hz per 60-s count time. The results of the truncated
arc of F2 data processed without gas leakage correction
were chosen as a reference for later comparisons because

(1) Itinvolved the same number of passes as were avail-
able for the F2 and F3 data.

(2) It gave reasonable solutions for the various esti-
mated parameters.

30

(3) The absence of gas leak corrections gave the differ.
enced data an opportunity to show the potential
improvement for unmodeled accelerations.

VI. Two-way Doppler and Range

When 14-Mu ranging points (e = 150 m) were included
with the truncatecd F2 data, the B+ T components of the
errors were all decreased by 50 km, bringing them into
closer agreement with the CBE (Fig. 6). Although the
longitude at each station changed 2m from the F2-only
solutions (Fig. 7) no other parameters changed signifi-
cantly. The spread of these results in the target plane
(B-plane) indicates that solutions involving station loca-
tions and GM of the moon are still seeing the gas leakage
but that the solar pressure parameters no longer are as
important, since certain components of the position of the
spacecraft are tied tightly down by range data.

VIl. Two-way Doppler, Three-way Doppler,
and Range

Once F3 points were included, the frequency offset
between the two station clocks had to be estimated.

A total of 28 bias parameters representing the frequency
offset at each station on each day were added to the “solve
for” sets A-G. The results for the biases were discouraging
because they varied with changes in data weight and solve
for parameters, and were not slowly varying as antici-
pated. The bias parameters were absorbing not only the
frequency offset, but also all the effects due to process
noise (gas leakage) and uncalibrated transmission media
effects. Unfortunately there was no way to separate these
phenomena. The values of B-plane and station location
solutions are not significantly different from those of two-
way doppler and range (Figs. 6, 7, and 8).

VIi). Differenced Doppler Alone

Differencing F2 from F3 data gave significantly better
residuals than either data type taken separately. Figure 9
shows the residuals of F2, F3 and F3-2 during two rela-
tively noisy passes on October 23, 24, 28 and 29 and clearly
indicates that the noise of unknown source which js com-
mon to both F2 and F3 data has been removed during the
differencing. The squares represent the residuals of F3
before the fit and the circles and triangles show the resid-
uals after the fit.
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Solutions were studied which contained only F3-2 data
but the six state parameters were highly correlated due
to the poor geometry covered by this particular arc. As
mentioned earlier the differencing destroys geocentric
range-rate information leaving only the right ascension
and declination of the spacecraft. As with classical astro-
nomical observations, the restriction to angular measure-
ment demands Jonger arcs or a better geometry to deter-
mine the orbit. Thus loosely weighted two-way doppler
and ranging data were introduced to resolve this problem
without excessively reintroducing process noise.

IX. Differenced Doppler, Two-way Doppler
and Range

Once the geocentric information (F2 and Mu) is in-
cluded, the indeterminancy of the orbit decreases.
Although about half the correlations in spacecraft state
are still above 0.9 when F2 and Mu data are included, the
improved B-plane behavior gives us confidence that the
problem is disappearing. There were other encouraging
results as well. The estimated values of station location
which are provided by the F2 and Mu data are about
—4 m in longitude change and less than 2 m in spin axis
change (Fig. 7). The estimated value of baseline long-
tude is also close to —4 m which is consistent with the
change occurring at each station. However, the estimated
value of the change of baseline projection Ar,, which is
about 12 m is larger than we expected. This could be due
to the large a priori value used for 5 (o, = 1km) and the
relatively high correlations with those bias parameters
(o = 0.7).

There was also good repeatability of the estimated
values of frequency bias for solutions with different data
weights and estimated parameters. The average magni-
tude of the estimated biases was about 4 mHz and they
were slowly varying most of the time. This implies that
the earlier variations were in fact due to absorption of
process noise on a pass by pass bias.

B-plane solutions show significant improvement when
the differenced data were tightly weighted (Fig. 10).
Among the solutions, cases A, B, and C coincide with one
another and cases E, F, and G do also. This indicates that
the differenced data with F2 and Mu are not sensitive to
solar pressure, attitude control, GM Moon, GM Mars and
ephemerides, which is to be expected since they all affect
the geocentric motion. It is only sensitive to station loca-
tions and baseline parameters.
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X. Differenced Doppler and Two-way Doppler

Solutions with data weights: oF3-2 = 0,002 Hz, oF2 =
0011 Hz, without Mu data were attempted but they
moved the B-plane results further away from the CBE.
The residuals induced in Mu were far too large, and the
station location changes were unreasonable.

XI. Differenced Doppler and Range

A solution with data weights: ¢F3-2 = 0.002 Hz, sMu =
50 m was tried. Similarly to the previous case the results
moved the B-plane solutions further away from the CBE
but in the opposite direction. The residuals induced in
F2 were quite large. Station location changes were also
unreasonable.

The last two solutions (F3-2 with F2 and F3-2 with Mu)
indicate that the poor geometry seriously degrades the
stability of the orbit determination, and it becomes neces-
sary to include both geocentric range and range-rate infor-
mation to obtain a correct solution.

XIl. Conclusions and Recommendations

This demonstration shows that differencing two-way
and three-way doppler data can reduce the effect of
process noise in the spacecraft. However, referring to
Fig. 11, it is not as clearly demonstrated as was hoped for.
The F2-only solution using trajectory corrected for gas
leakage performs almost as well as the solution using
differenced data and a trajectory that ignores gas leakage.
It is not clear from this demonstration whether F3 data
without differencing can help the gas leakage problem,
since no really good solution was obtained from this data
type. However, this may be due to the pathological data
arc which undermines attempts to remove the three-way
frequency bias. It remains to be seen how effectively se-
quential filtering can employ three-way data, possibly
without differencing, in a high process noise environment.

Future demonstrations of two-station tracking should
be made over sufficiently long arcs, so that singularity
between parameters can be more readily overcome. With
a sufficiently long arc of data, the problem of solving for
the three-way bias which beset this demonstration very
likely could be handled. Even with hydrogen masers, the
elimination of the three-way bias can be a significant
problem. As previously noted, the two-way and three-way
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solutions as well as differenced data solutions did not pro-
duce consistent values for these biases (Fig. 4). To obtain
a consistent set of values for the three-way biases, it was
necessary to weight the F2 data, corrupted by process
noise, more heavily than was desirable. Future demonstra-
tions should ensure that handovers of transmitter assign-
ments be performed at the middle of the overlap when-

ever possible, since this greatly reduces the difficulty in
solving for the three-way frequency bias.

In addition, the ODE should be modified, so that syn-
chronization between two-way and three-way data can
be obtained when compressions of these data types are
performed.
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Table 1. Number of data points

Data type DS§S 12 DSS 41 Subtotal

Truncated® 295 130 425

2

F2 Near

meridian 130 63 153

passage
F3 36 180 216
F3-2 35 170 205
Mu 14 0 14
Total 370 480 850

aF2 data outside the common view periods were deleted.
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Redesign of High-Power Transmitter Control
and Indicator Cards

J. R. Paluka
R.F. Systems Development Section

S. F. Moore

Resdel Engineering
Arcadia, California

The control and indicator printed circuil cards used in the DSN high-power
transmitter and the high-power X-band radar transmitter have been redesigned to
incorporate short-circuit protection into their outputs. This redesign will increase
the overall reliability of these transmitters by eliminating {ransistor burnouts result-
ing from shorted interconnection lines, inadvertent shoris while troubleshooting,

and other overloads.

l. Introduction

The high-power transmitter was installed at DSS 14 in
1969. A review of its fanlts since that time has indicated a
large percentage to be circuit card failures resulting from
overloaded output transistors. Some of these overloads
resulted from shorts in interconnection cables that are up
to 600 m in length; others have resulted from inadvertent
shorts across control or indicator circuits while performing
subsystem maintenance. In most cases the result was the
same: burned-out transistors and card failure.

With the installation of new high-power transmitters at
DSS 43 and DSS 63 during 1974 and 1975, it was resolved
to correct this overload problem by redesigning the con-
trol logic, metering, and other indicator circuit cards. It
was also resolved to preserve the individual circuit card
dimensions and connector interface so that the new cards
could be retrofitted into the DSS 14 transmitter with no
wiring changes.
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Il. Development

Of the seven types of printed circuit cards in the trans-
milter controls requiring protection, the most representa-
tive of the problem was the lamp/relay driver card.
Accordingly, this card was selected for use in the initial
development work with a goal of applying similar short-
circuit protection to the other types of cards in the
controls.

The old lamp/relay driver card provided five indepen-
dent signal channels, each having a set of complementary
putputs. An additional goal of putting seven such channels
on each card, to allow for future expansion of the trans-
mitter to an X-band radar, was also made. As with the
old cards, each channel was required to provide a mini-
mum of 300 mA of steady-state current.

Additional problems existed in the case of the lamp/
relay driver card. One such problem is that each channel
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may have to drive up to four parallel incandescent indi-
cator lamps. Such lamps have a cold resistance in the
order of six to eight times less than their normal hot resis-
tance. Thus, while providing semiconductor protection
when the circuit was shorted to ground, the circuit should
not he prevented from working when presented with a
cold resistance load typically requiring 1.3 A for only
50 ms before dropping to a nominal value of 160 mA. A
similar requirement was put on the lamp/relay driver
output circuit when required to drive the solencids of the
interlock event recorders. The choice of a current limiter
circuit for this card was restricted further by space and
the requirement that the entire channel develop a mini-
mum of 25-V output at 300 mA from a supply voltage of
28 V.

As indicated in Fig. 1, a schematic of one of the seven
channels of the new lamp/relay driver card, the solution
to the current limiter problem was a three-terminal regu-
lator. This is a device that limits the current to approxi-
mately 2-A peak current while providing a steady-state
current of 500 mA. Since this device is protected by an
internal thermal shut-down circuit, it is mounted without
a heat sink, thus using the intemal heat it produces to
protect the circuit. A drawback of this device is that the
maximum available output is 24 V; however by biasing
the ground terminal to three volts, the regulator will be
full on and provide 26.5 V.

When the regulator is overloaded because of a short
or other reason, it reduces its output voltage to a safe
value. This is accomplished by internal current limiting
and by thermal shutdown. This reduction in output
voltage increases the voltage across the regulator, turning
on the light emitting diode (LED) across the regulator
and indicating which channel has an overload fault. The
seven LEDs for the entire board are located in a row near
the printed circuit card handle where they are clearly
visible to the operator when the board is in service. Upon
removal of the fault, the cireuit returns itself to normal
operation and the LED is extinguished.

To gain space and decrease parts count an integrated
circuit was chosen for an input device. The LM2900 was
selected because it will operate at +28 V on a single
supply. This operational amplifier (known as a Norton
amplifier) is a type that differentiates between input
currents rather than input voltages. Although no advan-
tage was gained by this feature, it provided the necessary
open loop gain and, more importantly, the output current
sink is sufficient to keep the output transistors (2N35783)
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always saturated, thus reducing the power dissipated in
them to a safe value.

Because the IC selected contains four differential am-
plifiers, two amplifiers per IC were used to produce the
set of complementary outputs required for each signal
channel. The point at which the amplifiers switch is
selected by the value of resistor dividers R3 and R4. This
selection point is a low-impedance point relative to the
input resistors RS and R8. This makes selection of the
switching point an easy matter when the circuit is used in
other applications.

The normal process for an operational amplifier is to
use a feedback resistor to set the gain of the amplifier,
This was dispensed with because the amplifier was to
have as high a gain as possible. An additional resistor
per channel was saved by not having a “pull-up” resistor
to keep the output transistors off. These are not needed
because the emitter-base is back-biased by the input
driver amplifier. The transistor back-bias results from the
voltage difference produced by the current Limiter.

The 1N649 diode in each output is to prevent high cur-
rents that result from the inductive kick of relay coils in
the loads destroying the ontput transistors, and to protect
the circuit when connected to a voltage higher than +28 V.

IN. Conclusion

A prototype of the new lamp/relay driver card was
built and successfully tested in the DSS 14 high-power
transmitter. The protective circuit developed for this card
was subsequently applied to the summing logic, final
logic, warning eircuit, bistable on-off, and deenergize
delay printed circuit cards. The seventh type of card re-
quiring short-circuit protection was the meter driver.
Since other extensive development work had to be per-
formed on this board to provide two meter channels and
to provide variable gain for different applications, it was
decided to provide the required short-cireuit protection by
selection of an integrated circuit having inherent protec-
tion. Such a device is adequate for this circuit since large
output power is not required. As indicated in Fig. 2, a
single 747 was selected to provide two meter channels.
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